Xenorhabdus nematophilus, a gram-negative bacterium, is a mutualist of Steinernema carpocapsae nematodes and a pathogen of larval-stage insects. We use this organism as a model of host-microbe interactions to identify the functions bacteria require for mutualism, pathogenesis, or both. In many gram-negative bacteria, the transcription factor S controls regulons that can mediate stress resistance, survival, or host interactions. Therefore, we examined the role of S in the ability of X. nematophilus to interact with its hosts. We cloned, sequenced, and disrupted the X. nematophilus rpoS gene that encodes S . The X. nematophilus rpoS mutant pathogenized insects as well as its wild-type parent. However, the rpoS mutant could not mutualistically colonize nematode intestines. To our knowledge, this is the first report of a specific allele that affects the ability of X. nematophilus to exist within nematode intestines, an important step in understanding the molecular mechanisms of this association.
S
. The X. nematophilus rpoS mutant pathogenized insects as well as its wild-type parent. However, the rpoS mutant could not mutualistically colonize nematode intestines. To our knowledge, this is the first report of a specific allele that affects the ability of X. nematophilus to exist within nematode intestines, an important step in understanding the molecular mechanisms of this association.
All eukaryotes interact with microbes in relationships that can be benign, beneficial, or detrimental to one or both organisms. Research to elucidate the molecular mechanisms of hostmicrobe interactions has focused primarily on pathogenic relationships. Less well studied are the long-term mutualistic relationships of microbes that are intimately associated with plant or animal hosts. Recent studies have suggested that pathogens and mutualists use similar molecular strategies to interact with their hosts. For example, both pathogenic and mutualistic bacteria use type III secretion systems to deliver proteins directly into host cells and initiate specific host cell responses (13, 38) . The mutualistic association between Vibrio fischeri bacteria and Euprymna scolopes squid also bears a striking resemblance to the interactions between pathogens and immune systems (28) . The squid produces a halide peroxidase that converts hydrogen peroxide into hypohalous acid, a microbicidal compound that may help kill pathogens (46) . V. fischeri requires a periplasmic catalase, which can prevent hypohalous acid formation, to competitively colonize the squid. This scenario mirrors the competition typically associated with pathogenic bacterium-host interactions, and yet V. fischeri and E. scolopes live together in a mutually beneficial relationship (43) . If the molecular cross-talk between host and microbe is fundamentally similar in mutualistic and pathogenic relationships then one must raise the following question: what mechanisms distinguish these two relationships?
The gram-negative ␥-proteobacterium Xenorhabdus nematophilus possesses specific relationships with two types of eukaryotic hosts: a species-specific mutualistic relationship with the nematode Steinernema carpocapsae and a pathogenic relationship with a wide range of insect species (11) . X. nematophilus resides as a mutualistic symbiont in a specialized intestinal vesicle of the free-living stage of the nematode. Together, the nematode and its X. nematophilus symbionts infect, kill, and reproduce inside the larval stage of many insects (21) . X. nematophilus is primarily responsible for killing the insect host; it produces exo-and endotoxins to which the insect succumbs within 48 h of infection (7, 10) . Once inside an insect host, X. nematophilus also expresses proteases and lipases that likely degrade insect host tissues into smaller products that can be utilized by the nematode (3, 11) . Thus, X. nematophilus represents both bacterial symbionts that form stable relationships with hosts and bacterial pathogens that invade and kill hosts.
Investigations of the molecular mechanisms of mutualism and pathogenicity in a single organism should provide insights into both beneficial and detrimental interactions of microbes with their plant and animal hosts. X. nematophilus is particularly well suited for such experimental studies because: (i) it is genetically and technically tractable; (ii) it can be cultivated under laboratory conditions in the absence of its eukaryotic hosts; and (iii) its mutualistic and pathogenic interactions with its hosts can be assayed separately and easily. Thus, each aspect of the host-microbe interaction can be dissected and analyzed individually. In addition, insect hosts such as Galleria mellonella (wax moth) and Manduca sexta (tobacco hornworm) can be maintained inexpensively. Nematodes can also be propagated easily; 10 5 nematodes can be generated from the infection of a single insect host, and bacterium-free nematode eggs can be isolated and grown on selected lawns of bacteria in the absence of an insect host.
Like many bacteria that interact with plant or animal hosts, X. nematophilus presumably possesses the capacity to adapt to and exploit host environments because it can sense and respond to changes in nutrient availability, pH, osmolarity, temperature, oxygen, carbon dioxide, and nitrogen (16) . In many gram-negative bacteria, the transcription factor S mediates, in part, the response to these factors.
S controls a regulon that can mediate stress resistance, survival, or host interactions. For example, in Pseudomonas fluorescens Pf-5, S is required for survival on plant surfaces and affects biocontrol antibiotic production (40) . The S of the insect pathogen Serratia entomo-phila controls expression of an insect toxin (15) . Salmonella enterica serovar Typhimurium S controls expression of spv virulence genes necessary for systemic infection (36) and appears to be important for S. enterica serovar Typhimurium colonization of gut-associated lymphoid tissue of mice (33) .
We have investigated the possibility that S might mediate X. nematophilus mutualistic and/or pathogenic functions. We isolated, sequenced, and disrupted rpoS, the gene that encodes S in X. nematophilus. We determined that the X. nematophilus rpoS mutant is at least as virulent as its wild-type parent and reproduces as well as the wild type in insecta. In contrast, the rpoS mutant fails to colonize nematode intestines. To our knowledge, this work represents the first characterization of a gene that affects the ability of X. nematophilus to exist within nematode intestines and provides insight into the processes that mediate this interaction.
MATERIALS AND METHODS
Bacterial strains and plasmids. X. nematophilus strains used were ATCC 19061 and its rpoS mutant derivative, HGB151. Escherichia coli strains used were ZK918 (4) harboring an rpoS::kan insertion, DH5␣ (Bethesda Research Laboratories, Gaithersburg, Md.) for plasmid maintenance, and S17-1pir (42) Bacterial media and growth conditions. Permanent stocks of all strains were maintained at Ϫ80°C in Luria-Bertani medium (LB) broth (29) supplemented with 15% (vol/vol) glycerol or 10% (vol/vol) dimethyl sulfoxide (Sigma). X. nematophilus was grown at 30°C in LB that either had been stored in the dark or was supplemented with 0.1% (wt/vol) pyruvate (48) . E. coli strains were grown at 30°C in LB. rpoS complementation experiments were performed on MacConkey-lactose agar (Difco). Dye uptake was analyzed on NBTA (14) . The following supplements were added when required: ampicillin (150 g/ml), kanamycin (50 g/ml for E. coli and 20 g/ml for X. nematophilus), and chloramphenicol (30 g/ml). To monitor CFU, cultures were serially diluted in M63 salts (29) DNA manipulations. Chromosomal DNA preparations, ligations, electrophoresis, E. coli transformation and electroporation, and Southern blotting were carried out by standard procedures (39) . Plasmid DNA was isolated with Quantum Prep kits (Bio-Rad). Plasmids were introduced into X. nematophilus by conjugal transfer (12) or transformation (49) . Restriction enzymes and DNAmodifying enzymes were obtained from Promega. For sequencing the 3Ј flanking region of rpoS, arbitrary PCR was performed as described elsewhere (6) , with Ϫ20GAP as the first-round primer (5ЈGTGTGCCAGCTCTCTTGCA3Ј) and Ϫ20END as the second-round primer (5ЈAGAGTGCGTCAGATTCAAGT3Ј).
Genomic library construction. X. nematophilus chromosomal DNA was sonicated and size fractionated by gel purification to give a pool of fragments between 2 and 10 kb. These fragments were ligated to SfiI linkers and cloned into pAC215 (provided by Andrew Camilli, Tufts University) digested with SfiI (24) .
Isolation of a plasmid encoding rpoS from X. nematophilus. The library was introduced into strain ZK918, which lacks functional S and therefore appears white on MacConkey-lactose agar. Red transformants were tested for catalase activity by monitoring bubbling upon exposure to H 2 O 2 (51) . Restriction analysis of a clone conferring positive ␤-galactosidase and catalase activities on ZK918 (indicating a S coding region present on the clone) revealed an insert of ϳ1.5 kb. This plasmid, designated prpoS15, was selected for sequencing.
Sequence analysis of rpoS. DNA sequencing was carried out by the University of Wisconsin-Madison (UW-Madison) Biotechnology Sequencing Center, sequences were analyzed with MegAlign (DNASTAR Inc.), and database searches were conducted on the National Center for Biotechnology Information BLAST server.
Construction of an rpoS insertion mutation. An X. nematophilus mutant with a kan cassette in the rpoS coding region was created as follows. prpoS::kan was conjugated into X. nematophilus. Of 100 Kan r exconjugants tested, 11 were Cm s , suggesting they had undergone allelic exchange and lost the wild-type copy of rpoS and the plasmid vehicle. This was confirmed by analyzing the size of PCR amplification products (data not shown) with primers XNBAUP and XnHind (see above). In addition, Southern hybridization was performed (data not shown) with an rpoS-specific probe (obtained by PCR amplification from pBCrpoS using the primers revgap [5ЈCAAGGGAAAATCCGTAA3Ј] and rpomia [5ЈAATAA AAAGGTGGGGTCCATAA3Ј]) or a kan-specific probe (obtained by BamHI digestion of mini-Tn10-kan). One Kan r Cm s exconjugant was selected and designated HGB151.
Phenotypic assays. Plate assays were performed for protease (2), lipase (41), and antibiotic (26) In addition, protease activity was monitored by single-dimension zymography (34) . Motility on 0.25% (wt/vol) LB agar was monitored after 10 l of 16-h LB cultures was spotted on plates. Crystal proteins in 48-h X. nematophilus cultures were visualized by phase-contrast microscopy. Outer membrane protein profiles (12) of bacteria and the ability of bacteria to attach to plastic (35) were assayed as described elsewhere.
Bacterial survival assays. Starvation survival in LB broth was measured by taking 10-l samples every 24 h to determine CFU/per milliliter. To monitor survival on solid media, 1 ml of 16-h X. nematophilus culture was poured uniformly over 12 sterile 13-mm MF filter membranes (Millipore) on an agar plate (LB and LA were used with similar results) and incubated at room temperature. Every 3 days, one filter was removed and its lawn was resuspended in 1 ml of M63 salts before dilution and plating. To measure sensitivity to osmotic stress or H 2 O 2 , 16-h LB cultures were washed once with M63 and resuspended in M63 with 2 mM NaCl or 10 mM H 2 O 2 , respectively. Resuspended cells were incubated at room temperature, and samples were taken at indicated times to determine CFU.
Nematode growth conditions. S. carpocapsae (strain All) was maintained by passage through larval-stage G. mellonella (Vanderhorst Wholesale Inc., St. Marys, Ohio) and harvested on White traps (47) . Nematodes were also cultivated on X. nematophilus lawns seeded with either 500 to 800 infective-juvenile-stage nematodes or 1,500 first-instar-juvenile-stage nematodes (isolation described below) and incubated at room temperature. Infective-juvenile-stage nematodes were harvested from bacterial lawns by placing the agar slab in a petri dish lid floating in sterile deionized H 2 O. Nematode eggs were isolated from adult female nematodes as described elsewhere (44) except that the eggs were washed and resuspended in LB. The nematode eggs were incubated at room temperature for 16 h, and hatching into first-instar juveniles was visually assessed under a dissecting microscope.
Guillotine assay. To visualize bacteria, the heads of individual infective juvenile nematodes were severed with a razor blade, causing the foregut to be extruded. Dissected nematodes were stained with 0.1% (wt/vol) crystal violet and observed by bright-field microscopy. At least 30 foreguts from each of three independent cocultivations on each strain of bacteria were observed for the presence of bacteria. To determine CFU of internal bacteria per milliliter, nematodes were surface sterilized with 2% (vol/vol) NaOCl, resuspended in 5 ml of LB, and ground in a Ten Broeck tissue grinder. The homogenate was then serially diluted and plated.
Pathogenesis assays. M. sexta eggs (Walter Goodman [UW-Madison] or Carolina) were raised on an artificial diet (gypsy moth wheat germ agar; ICN). Third, fourth, or fifth instars were injected with bacteria as follows. Sixteen-hour cultures were washed once in M63 and then resuspended and diluted 10-fold in the same medium; cell counts were estimated by phase-contrast microscopy using a Petroff-Hausser counter. Washed cells were then further diluted in M63, and the number of CFU was determined for each dilution injected. Insects were injected with bacteria using a syringe with a 30-gauge needle (Hamilton) and then incubated at 26°C under 16 h-8 h light-dark periods with a constant supply of food. Insect death was monitored every 12 h. Percent mortality data are given for the 48-h observation since no further death occurred during an additional 7 days of observation. Bacterial growth inside M. sexta was determined by plating hemo-lymph samples extracted with a 30-gauge needle syringe from insect carcasses every 24 h after death.
Statistical analyses. Arcsin-square-root-transformed mortality data were analyzed by analysis of variance (ANOVA) on grouped injection levels of bacteria (shown in Table 1 ) as well as regression analyses using the actual plate counts of injected bacteria (data not shown) as the independent variable. Statistical analyses of injection data were performed using SAS version 8 (SAS Institute Inc., Cary, N.C.). Log-transformed in insecta bacterial growth data were analyzed using two-way ANOVA (strain and time as main factors). Statistical analyses of growth data were performed using Minitab 12.1 (Minitab Inc., State College, Pa.).
Nucleotide sequence accession number. The rpoS sequence reported in this study has been submitted to GenBank under accession number AF198628.
RESULTS
Cloning and characterization of the X. nematophilus rpoS gene. We cloned the X. nematophilus rpoS homolog by complementation in ZK918, an E. coli strain with a disrupted rpoS gene and a S -dependent bolAp1::lacZ fusion (4). ZK918 was transformed with an X. nematophilus chromosomal library (see Materials and Methods) and screened for red colonies on MacConkey-lactose. Red colonies were then tested for catalase activity, indicating the presence of a plasmid that encodes a functional S . From ϳ10 5 colonies screened, we identified one transformant that harbored an rpoS candidate (prpoS15). prpoS15 contains an insert of ϳ1.5 kb that we sequenced in its entirety on both strands. Sequence analysis revealed an open reading frame (ORF), incomplete at its 3Ј end, with similarity to E. coli rpoS (31) . As in E. coli, immediately upstream and in the same orientation as rpoS resides a 154-amino-acid ORF, incomplete at its 5Ј end, whose predicted product shares 78% identity and 88% similarity with the C terminus of E. coli NlpD, a putative lipoprotein (20) . The expected stop codon of the putative X. nematophilus nlpD gene sits 52 nucleotides upstream of the rpoS predicted translational start site.
We used arbitrary PCR to sequence the 3Ј end of the X. nematophilus rpoS gene from chromosomal DNA. Based on this sequence, we predict that X. nematophilus rpoS encodes a protein of 331 amino acids with 82% identity and 91% similarity to E. coli S . This sequencing also revealed 39 codons of a putative ORF, incomplete at its 5Ј end, 134 nucleotides downstream of the predicted rpoS stop codon and convergently transcribed. The predicted product of this ORF possesses 62% identity and 86% similarity with the C terminus of a S. enterica serovar Typhimurium hydroxylase involved in the synthesis of 2-methylthio-cis-ribozeatin in tRNA, encoded by miaE (37) . The presence of a miaE homolog downstream of rpoS contrasts with the genomic organization of E. coli in which a convergently transcribed ORF of unknown function (orf454) resides downstream of rpoS (5) .
Construction and phenotypic characterization of an X. nematophilus rpoS mutant. We constructed the rpoS mutant strain HGB151 by allelic exchange with prpoS::kan, a plasmid that harbors a kan cassette inserted into rpoS (see Materials and Methods for details). The kan insertion in rpoS is unlikely to exert a polar effect on miaE because of its convergent transcription. To identify functions that might be affected by a loss of rpoS, we examined several phenotypic traits of HGB151. In our assays, the rpoS mutant produced protease, antibiotic, lipase, and crystal proteins at levels indistinguishable from those of the wild-type (data not shown). In addition, the lesion in rpoS exerted no effect on production of outer membrane proteins (including the stationary-phase-induced OpnB and OpnS proteins), exponential growth rate, stationary-phase cell morphology, or the ability to attach to an abiotic surface (data not shown). We examined motility on 0.25% (wt/vol) agar and found that the rpoS mutant reproducibly migrated farther from the point of inoculation than did the wild type. rpoS supplied from pBCrpoS restored motility to its normal pattern (data not shown).
Influence of the rpoS insertion mutation on X. nematophilus stress resistance. In many bacteria, disruption of rpoS causes increased sensitivity to environmental stresses such as starvation, high osmolarity, and reactive oxygen species (8, 9, 17, 18, 25, 50) . For example, E. coli rpoS mutants do not survive starvation in liquid culture as well as their wild-type parents (23, 27, 32) . To examine starvation survival in X. nematophilus, we monitored persistence of the rpoS mutant and its wild-type parent in liquid LB (Fig. 1A) . Wild-type X. nematophilus exhibited a rapid decline in CFU/per milliliter in liquid culture; we detected no CFU by day 4 after inoculation. The rpoS mutant also had a rapid declined in CFU per milliliter but consistently survived 1 day longer than the wild type. The latter result is not unprecedented, as an rpoS mutation in Legionella pneumophila confers a reproducible delay in the decline of CFU (17) .
To examine the role of rpoS in X. nematophilus-nematode interactions, we must culture bacteria and nematodes on a solid substrate for up to 2 weeks (see below). Therefore, we deemed it important to examine the survival of X. nematophilus during long-term culture on solid media. The viability of the rpoS mutant and wild type decreased steadily over 9 days on LB agar. Initially viability decreased faster in the rpoS mutant. However, at the time infective juvenile nematodes develop on such lawns (i.e., 7 to 9 days), wild-type and rpoS mutant cells were equally viable (Fig. 1A) .
In addition to starvation survival, rpoS appears to mediate resistance to a number of other stresses in other bacteria (23) . Therefore, we examined survival of both wild-type X. nematophilus and the rpoS mutant after peroxide and osmotic stress and found that the rpoS mutant was four-to sevenfold more sensitive to 10 mM H 2 O 2 than its wild-type parent (Fig. 1B) . In contrast, we detected no consistent difference between the rpoS mutant and its wild-type parent upon exposure to 2 M NaCl (Fig. 1C) .
Effect of the rpoS mutation on X. nematophilus-nematode interactions. We investigated whether X. nematophilus requires rpoS to support nematode growth and/or to colonize nematode intestines. Sterile nematode eggs can hatch, develop, and reproduce on lawns of X. nematophilus bacteria (Fig. 2A) . When nutrients are exhausted, nematodes develop into the infective juvenile stage (Fig. 2B) and migrate off the agar plate. Infective juvenile nematodes harbor wild-type X. nematophilus in the anterior portion of the intestine, which can be visualized by the guillotine assay (see Materials and Methods). To determine if nematodes exhibit altered growth and development on X. nematophilus lacking rpoS, we added sterile eggs to lawns of wild-type or rpoS mutant cells (Fig. 2A) . Nematode development on, and the final yield of infective juvenile nematodes from, rpoS mutant lawns was indistinguishable from that obtained on wild-type lawns (data not shown), suggesting that X. nematophilus does not require S to support nematode development. To ascertain if X. nematophilus requires rpoS to inhabit nematode intestines, we analyzed progeny infective juvenile nematodes from in vitro cultivations for the presence of bacteria (Fig. 2C) . We observed no X. nematophilus rpoS bacteria in nematode intestines; 0% of infective juvenile nematodes reared on rpoS mutant lawns carried bacteria (Fig. 2C, image b) , compared to 96% of infective juvenile nematodes from wild-type lawns (Fig. 2C, image a) . We confirmed this result by surface sterilizing, crushing, and plating infective juvenile nematodes for CFU. With this method we detected 55 Ϯ 6 CFU per infective juvenile (average and standard deviation of three replicates) in nematodes cultivated on wild-type bacteria with an intact rpoS gene. In contrast, infective juvenile nematodes harvested from rpoS mutant lawns (performed in triplicate) yielded no colonies (detection limit of 0.005 CFU per infective juvenile). This result further demonstrates that X. nematophilus requires rpoS to exist in the intestines of infective juvenile nematodes.
To verify that the rpoS mutation causes the nematode colonization phenotype, we transformed plasmid pBCrpoS, which contains the wild-type rpoS gene, into the rpoS mutant and tested the ability of this strain to colonize nematode intestines. Nematodes cultivated on the rpoS mutant carrying plasmid pBCrpoS were colonized by bacteria at a similar frequency (95%) as those cultivated on the wild type (Fig. 2C, image f) . In contrast, nematodes cultivated on the rpoS mutant transformed with the control plasmid, pBCSKϩ, carried no bacteria (Fig. 2C, image d) . These data support the conclusion that X. nematophilus requires rpoS to exist in infective juvenile nematode intestines.
The rpoS mutant may be unable to reside in infective juvenile nematode intestines because S regulates the production of an extracellular factor necessary for colonization. If so, the rpoS mutant should obtain such a factor by cocultivation with wild-type X. nematophilus. To test this possibility, we cultivated nematodes on mixed lawns of the rpoS mutant and its wild-type parent (neither the wild type nor the rpoS mutant was at a competitive survival disadvantage in mixed lawns for the duration of the experiment [data not shown]). Ninety-five percent of the infective juvenile nematodes emerging from these mixed lawns carried bacteria (as visualized by guillotine assay of 43 nematodes), a number similar to that obtained in infective juvenile nematodes cultivated on wild-type lawns alone. This finding indicates that disruption of rpoS does not cause the synthesis of an extracellular factor that inhibits colonization. Next, we surface sterilized, crushed, and plated infective juvenile nematodes to determine the number of CFU (data not shown). Colonies formed on LB (a medium on which both wild-type and rpoS mutant cells can grow) but not on LB supplemented with kanamycin (on which only rpoS mutant cells can grow; limit of detection was 0.005 rpoS mutant CFU per infective juvenile). These results suggest that the presence of wild-type cells cannot extracellularly complement the inability of the rpoS mutant to exist in infective juvenile nematode intestines.
Effect of the rpoS mutation on virulence toward and survival within insects. A powerful aspect of the X. nematophilus model system is that both mutualistic and pathogenic functions can be assayed separately. Thus, although the mutualism defect of the rpoS mutant prevents it from infecting insects via the nematode, the role of rpoS in virulence can still be monitored by injection. As few as 5 CFU of wild-type X. nematophilus can kill insects when injected directly into their blood (hemolymph) (11) . To determine if the rpoS mutation affects X. nematophilus virulence, we injected wild-type or rpoS mutant cells into M. sexta larvae and monitored insect mortality at 48 h postinjection ( Table 1 ). The rpoS mutant cells killed insects at least as well as the wild-type cells. ANOVA on grouped injection levels shown in Table 1 indicated no significant difference between the strains (P Ͼ 0.05), as did linear regression analysis using actual plate counts of injected bacteria (P Ͼ 0.05). However, a quadratic model best fits the data, and quadratic regression analyses suggested that the rpoS mutant causes a significantly higher percent insect mortality (for linear and quadratic components, P Ͻ 0.05). Thus, we conclude that X. nematophilus does not require rpoS to kill insects or to regulate the production of its insecticidal toxin (10) . Furthermore, statistical analyses of our data suggest that rpoS may negatively affect X. nematophilus virulence toward insects.
X. nematophilus does not proliferate to detectable levels within the hemolymph until after insect death (11) . Therefore, it is possible that rpoS, while not required for virulence, is required for X. nematophilus to survive and/or proliferate in the insect carcass. To examine this possibility, M. sexta was killed by injection with either wild-type or rpoS mutant cells, and every 24 h after death hemolymph was removed and plated for a determination of CFU per milliliter (Fig. 3) . After insect death, the rpoS mutant proliferated and survived to the same extent as did its wild-type parent, demonstrating that X. nematophilus proliferation within the insect carcass does not require rpoS.
DISCUSSION
X. nematophilus, an insect pathogen and a nematode mutualist, functions as a resource for understanding both types of host interactions. In gram-negative bacteria, S , encoded by rpoS, controls regulons that can mediate stress resistance, survival, or host interactions. Here we show that a mutation in rpoS abolishes mutualistic existence of X. nematophilus in nematode intestines but not pathogenesis toward or survival within insects. This first demonstration of a defined mutation affecting the ability of X. nematophilus to exist within nematode intestines represents a significant step in elucidating the factors that mediate this association. Our findings also illustrate the ease with which the X. nematophilus system can be tested for both mutualism and pathogenesis.
X. nematophilus requires rpoS for mutualism. The association between X. nematophilus and infective juvenile nematodes requires rpoS. However, it is unclear whether X. nematophilus requires rpoS to colonize or survive; rpoS could be required to regulate the expression of either a specific host interaction percentage of nematodes (out of at least 30 visible foreguts for each cocultivation) harboring bacteria is indicated within each image and represents the mean of at least three independent experiments. The size bar represents 10 m and applies to all images in panel C.
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on December 14, 2017 by guest http://jb.asm.org/ factor or genes required for stress resistance. X. nematophilus rpoS mutants survived as well as wild-type cells within insect carcasses and during starvation in LB. Therefore, while the inability of X. nematophilus rpoS mutants to colonize nematodes could be due to a decrease in stress resistance, the stress is likely to be specific to the nematode intestine. A stress survival defect could prevent initial colonization of the intestine or, alternatively, persistence within the infective juvenile nematode. Consistent with the former possibility is the fact that no X. nematophilus rpoS mutants were detected in nematodes newly emerged from the bacterial lawn, as would be expected for a persistence defect. Based on our current data, however, we cannot rule out the possibility that the X. nematophilus rpoS mutant colonizes the intestine but is eliminated prior to infective juvenile nematode emergence from the lawn.
To address this question, we are monitoring the localization of green fluorescent protein-labeled X. nematophilus within nematodes.
If rpoS regulates the expression of a specific factor required or inhibitory for nematode colonization, this putative factor cannot be extracellular since the presence of wild-type bacteria could not complement the rpoS mutant, and the presence of the rpoS mutant did not affect wild-type colonization. However, the factor could be a cell surface structure that either promotes or inhibits attachment to nematode host cells.
The X. nematophilus S -dependent regulon. We are currently characterizing the X. nematophilus S regulon to identify the S -dependent function(s) required for colonization. The rpoS mutation did not affect protease, lipase, and antibiotic activities or the production of crystal proteins and outer membrane proteins. Thus, genes that encode these activities or proteins are not likely members of the S -dependent regulon. Since the rpoS mutant exhibited four-to sevenfold-increased sensitivity to peroxide challenge (Fig. 1B) , the S -dependent regulon may include genes whose products confer some resistance to this stress. The rpoS mutation is also associated with enhanced motility, and genes required for this function are likely regulated by S . Although we have not determined the underlying mechanism, enhanced motility could be due to inappropriate expression of flagella that could, in turn, inhibit colonization. For example, ectopic expression of flagella in Bordetella bronchiseptica inhibits colonization of rat trachea (1). We are therefore examining the cause of enhanced motility in the rpoS mutant and its possible link to the observed mutualism defect. The S -dependent regulon of S. enterica serovar Typhimurium contains genes not present in E. coli (19) . Thus, the S -dependent regulon of any given bacterium may reflect the specific environmental challenges faced by that bacterium. If so, then the S -dependent regulon of X. nematophilus may include novel gene products that mediate nematode colonization.
X. nematophilus does not require rpoS for virulence. The rpoS mutant is as virulent as and survives and proliferates as well as the wild-type parent when injected directly into the hemolymph of insect larvae. Therefore, X. nematophilus does not require rpoS to evade the insect immune system, express the insecticidal toxin (10), or utilize nutrients in the insect carcass. We found that the rpoS mutant was either as virulent as its parent or slightly more virulent, depending on the statistical analysis used. It is therefore possible that rpoS negatively regulates virulence properties in X. nematophilus. We have not yet analyzed whether the rpoS mutant possesses a competitive phenotype when coinoculated with wild-type cells. Such experiments have the potential to reveal subtle contributions of rpoS to virulence. For example, wild-type E. coli and an rpoS mutant can colonize mouse large intestines equally well when singly inoculated. However, the rpoS mutant exhibits a competitive advantage over the wild type in coinoculation experiments (22) .
The development of the X. nematophilus-host interaction model will assist our dissection of molecular mechanisms that underlie both mutualism and pathogenesis, and it will provide valuable insight into the mechanisms used by bacteria to differentially sense and respond to two distinct host environments. In addition, this model can be extended to include investigations of host-response mechanisms, providing a more comprehensive understanding of the intimate associations between bacteria and animals.
